Recent research efforts are focused on developing compounds that inhibit tumour cell metabolism and cellular bioenergetics or related molecular pathways that selectively starve tumour cells of essential nutrients capable of generating ATP ([@bib37]; [@bib15]; [@bib4], [@bib5]). However, targeting tumour cell metabolism has several caveats ([@bib10]; [@bib11]). Metabolic phenotype and growth pattern in tumour cells, especially within solid tumours, are totally dependent on several microenvironmental factors including hypoxia, nutrient availability, and angiogenesis ([@bib8]; [@bib33]). Tumour cells cope with changing energetic requirements and demands for maintenance and growth via metabolic reprogramming through altered signalling and facilitation of unique metabolic strategies ([@bib17]; [@bib49]). One of the first biochemical differences observed in tumour cells as compared with normal cells is a shift in energy metabolism from oxidative phosphorylation (OXPHOS) to aerobic glycolysis, also known as the Warburg effect ([@bib18]; [@bib46]). In addition, enhanced glutamine utilisation and/or fatty-acid oxidation also serve as alternate sources of fuel in tumour cells ([@bib40]). New therapeutic approaches that target multiple bioenergetic pathways in combination with conventional, 'standard-of-care\' chemotherapeutics in tumour cells have recently emerged ([@bib44]; [@bib51]).

Pancreatic cancer remains one of the most deadly forms of cancer ([@bib19]; [@bib1]). There are no effective drug treatments currently available. Thus, new approaches and targeted therapies are desperately required ([@bib43]; [@bib21]). Identifying specific nutrients that fuel and sustain pancreatic cancer cell growth and selectively inhibiting their uptake by targeting their metabolic pathways present new challenges and opportunities ([@bib38]). Despite the recognition of the Warburg effect in cancer cell bioenergetics, the application of glycolytic inhibitors gave mixed results. Although the origins of the failure of anti-glycolytic inhibition are not completely understood, the patient-to-patient variability of tumour bioenergetic status may be one of the reasons. Therefore, the new approach of personalised medicine, based on individual profiling of cancer cell bioenergetics, may be a viable strategy for improved efficacy of the existing therapeutics.

In this study, we investigated pancreatic cancer cell metabolism using the Seahorse 96-well Extracellular Flux Analyzer that allows non-invasive real-time monitoring of glycolytic and mitochondrial energetic profiles. To modify pancreatic cancer cell bioenergetics and metabolism, we used 2-deoxyglucose (2-DG) -- the US FDA-approved anti-glycolytic agent ([@bib13]; [@bib22]; [@bib20]; [@bib47]). Results from this study indicate that there exists a very close relationship between intracellular bioenergetic profiles (rates of OXPHOS and glycolysis) and the susceptibility of cells to glycolytic inhibition in human pancreatic cancer cell culture model systems originating from different genetic backgrounds. The combination of 2-DG with metformin, inhibitor of mitochondrial respiration and activator of AMP-activated protein kinase, lead to enhanced ATP depletion and inhibition of cell proliferation in 2-DG-resistant pancreatic cancer cell line. Thus, we propose that multiple targeting of mitochondrial, glycolytic, and glutaminolytic metabolism and bioenergetics is a viable therapeutic approach to inhibit proliferation of poorly glycolytic, as well as the highly glycolytic, pancreatic cancer cells.

Materials and methods
=====================

Chemicals
---------

2-Deoxyglucose, metformin, gemcitabine, and doxorubicin were purchased from Sigma-Aldrich (St Louis, MO, USA). Celecoxib was obtained from Cayman Chemical (Ann Arbor, MI, USA) and the stock solution in ethanol (0.1 [M]{.smallcaps}) was made freshly as per the manufacturer\'s instructions. Metformin and 2-DG were freshly made by dissolving the powder in the culture medium as needed, whereas gemcitabine and doxorubicin were dissolved in water as 10 m[M]{.smallcaps} stock and stored in −80 °C.

Cell culture
------------

The pancreatic cancer cell lines AsPC-1, MiaPaCa-2, PANC-1, HPAF-II, Capan-1, and Capan-2 were acquired from the American Type Culture Collection (Manassas, VA, USA), where they are regularly authenticated. Cells were stored in liquid nitrogen and used within 6 months after thawing. Cell lines were grown at 37 °C in 5% CO~2~ and cultured in DMEM (Invitrogen, Grand Island, NY, USA; cat. no. A14430, supplemented with 5.5 m[M]{.smallcaps} glucose and 4 m[M L]{.smallcaps}-glutamine, but without pyruvate), 10% fetal bovine serum, penicillin (100 U ml^−1^) and streptomycin (100 *μ*g ml^−1^).

Intracellular ATP measurements
------------------------------

After seeding overnight, the cells were treated as indicated. Intracellular ATP levels were determined in cell lysates using a luciferase-based assay as per the manufacturer\'s instructions (Sigma-Aldrich). Results were normalised to the total protein level in cell lysate, as determined by the Bradford method (Bio-Rad) ([@bib4], [@bib5]).

Extracellular flux assay
------------------------

To determine the mitochondrial and glycolytic function in pancreatic cancer cells, we used the bioenergetic function assay ([@bib35]; [@bib14]) using Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA). After seeding overnight, the cells were washed with unbuffered assay media (DMEM, CellGro, Manassas, VA, USA; cat. no. 90--113-PB, supplemented with 5.5 m[M]{.smallcaps} glucose and 4 m[M L]{.smallcaps}-glutamine, but no pyruvate and no sodium bicarbonate were added) and conditioned for 1 h before measurements. Eight baseline oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) measurements over 1 h were recorded after cell conditioning in the assay medium, and the values were averaged from the last six (most stable) readings. ECAR expressed as mpH min^−1^ was automatically converted to proton production rate (PPR) expressed as pmol H^+^ min^−1^ using the determined buffer capacity of the media and the chamber volume in XF96 Analyzer. The PPR-dependent changes are very similar to ECAR; however, we chose PPR instead of ECAR due to the ease of normalisation, and to the logarithmic nature of ECAR with regard to the rate of production of H^+^. OCR and ECAR (or PPR) values have been used as measures of mitochondrial respiration and glycolytic activity, respectively. Differences in mitochondrial respiration and/or acid extrusion (i.e., basal glycolysis status) are indicative of their sensitivity to glycolytic inhibitors.

Glucose consumption measurement
-------------------------------

After seeding overnight, the cells were treated with a fresh medium as indicated. The glucose levels in the medium were determined using an enzyme-based assay (Sigma-Aldrich, GAHK-20) as per the manufacturer\'s instructions with a slight modification. Briefly, the assay is based on hexokinase-mediated phosphorylation of glucose to glucose-6-phosphate (G6P) with subsequent reduction of NAD^+^ to NADH by G6P catalysed by G6P dehydrogenase. The total amount of NADH formed, as measured by spectrophotometry, is calibrated against the concentration of glucose standard (see [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) and used for glucose quantification. An incubation time of 1 h was chosen rather than manufacturer-recommended 15 min, as 2-DG slightly decreased the rate of product (NADH) formation, but did not affect the final (total) amount of the product detected ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

Glutamine measurement
---------------------

The glutamine levels in the media were determined by using an enzyme-based assay (Sigma-Aldrich, GLN1) as reported earlier ([@bib26]; [@bib34]). Briefly, [L]{.smallcaps}-glutamine is deaminated with glutaminase, to form [L]{.smallcaps}-glutamate, which in a subsequent reaction reduces NAD^+^ to NADH in the presence of [L]{.smallcaps}-glutamate dehydrogenase. The total amount of NADH reflects the sum of both glutamine and glutamate. To determine the concentration of glutamine, the amount of NADH formed in the presence and absence of glutaminase is measured and the amount of glutamine calculated after determining the contribution of glutamate. The accuracy of the glutamine assay used was confirmed by validation against LC-MS-based glutamine quantification.

Clonogenic assay
----------------

The cells were seeded as indicated in six-well plates and treated with 2-DG. The plates were left within the incubator and media changed with vehicle or 2-DG every 3--4 days until cells in the control wells formed sufficiently large clones. The cell survival fractions were calculated as described previously ([@bib4], [@bib5]).

Cell proliferation assay
------------------------

The cell proliferation was measured using a label-free, non-invasive cellular confluence assay by IncuCyte Live-Cell Imaging Systems (Essen Bioscience, Ann Arbor, MI, USA). MiaPaCa-2 (1000 cells/well) and Capan-2 (3000 cells/well) were seeded overnight on a 96-well plate, placed in an XL-3 incubation chamber maintained at 37 °C and the cells were photographed using a × 10 objective. This system enables collection of live cell images at 2-h intervals over several days. Cell confluence was calculated using IncuCyte 2011 software. The IncuCyte Analyzer provides real-time cellular confluence data based on segmentation of high-definition phase--contrast images. The cell proliferation is expressed as an increase in percentage of confluence.

Statistics
----------

All results are expressed as the mean±s.d. Comparisons among groups of data were made using a one-way ANOVA with Tukey\'s *post hoc* analysis. A *P*-value \<0.05 was considered to indicate statistical significance. The synergistic effects of drug combinations were validated by the combination index (CI) method ([@bib7]) for multidrug treatment using the CalcuSyn software (Bosoft, Cambridge, UK). The following CI criteria were used: CI\>1 indicates antagonism; CI=1 indicates additivity; 1\>CI\>0.7, 0.7\>CI\>0.3 and 0.3\>CI\>0.1 indicate slight synergy, synergy and strong synergy, respectively.

Results
=======

The effect of 2-DG on intracellular ATP and colony formation in pancreatic adenocarcinoma cell lines
----------------------------------------------------------------------------------------------------

We investigated the effect of 2-DG on intracellular ATP levels in six different pancreatic cancer cells of different genetic backgrounds ([Figure 1A](#fig1){ref-type="fig"}). These cells are differentially sensitive to 2-DG with respect to the extent of ATP depletion, with MiaPaCa-2 and Capan-2 being the most and least sensitive cell lines, respectively. [Figure 1B](#fig1){ref-type="fig"} shows a heat map representation of intracellular ATP levels in MiaPaCa-2 and Capan-2 cells (coloured areas from brown to blue indicate a progressive decrease in ATP from 100% to 30%) in response to different concentration and time of treatment with 2-DG. As shown, 2-DG treatment induced ATP depletion in MiaPaCa-2 cells in a time- and concentration-dependent manner, whereas Capan-2 cells were exceedingly resistant to 2-DG under these conditions ([Figure 1B](#fig1){ref-type="fig"}). Similar heat maps of ATP depletion in response to 2-DG in other pancreatic cells are shown in the Appendix ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Intracellular ATP levels (calculated after normalisation to total protein) are shown in [Supplementary Tables 1--4](#sup1){ref-type="supplementary-material"}. Results indicate that different cell lines tested exhibit different sensitivity to 2-DG.

Next, we used the clonogenic assay (measuring of the ability of cells to form colonies) to monitor the anti-proliferative effects of 2-DG. [Figure 1C](#fig1){ref-type="fig"} shows the clonogenic results obtained in these cells, indicating that 2-DG caused a vastly decreased colony formation in MiaPaCa-2 cells exhibiting greater sensitivity as compared with Capan-2 cells. This is consistent with the ATP depletion results ([Figure 2A and B](#fig2){ref-type="fig"}). As shown in [Figure 1D](#fig1){ref-type="fig"}, the calculated cell survival fraction in the presence of 2-DG was the lowest in AsPC-1 and MiaPaCa-2 cells, while Capan-2 cells were resistant to the anti-glycolytic drug.

Mapping of bioenergetics in pancreatic cancer cells
---------------------------------------------------

To better understand the mechanism of the differential sensitivity of pancreatic ductal adenocarcinoma cells to 2-DG, we investigated in detail their metabolic and energetic requirements. Pancreatic cancer cells with different genetic backgrounds were analysed in real-time using a Seahorse Extracellular Flux (XF) 96-well Analyzer. Both cellular OCR, resulting from oxidative phosphorylation, and ECAR, associated with glycolytic metabolism, were simultaneously monitored in six pancreatic cancer cell lines ([Figure 2A](#fig2){ref-type="fig"}). The ECAR values have been converted to proton production rates (PPR) in order to directly reflect the efflux of lactic acid. [Figure 2B](#fig2){ref-type="fig"} shows the relative two-dimensional OCR/PPR bioenergetic map calculated from the slopes in oxygen (ΔO~2~) and proton (ΔH^+^) traces shown in [Figure 2A](#fig2){ref-type="fig"}. Results indicate that the cell line Capan-2 is the least glycolytic, whereas MiaPaCa-2 is the most glycolytic. There is more than a five-fold difference in the PPR parameters as compared with only a two-fold change in the OCR value over the six cell lines tested. The two cell lines, Capan-2 and MiaPaCa-2, were particularly interesting because the basal OCR values are nearly identical in both cells, although the PPRs, the surrogate marker of glycolysis, differ by a factor of five.

Complementary to measurements of extracellular acidification rates, the utilisation of glucose in the cell culture media was also monitored with time to directly measure the rate of glycolysis. [Figure 2C](#fig2){ref-type="fig"} shows the changes in the concentration of glucose in media as a function of incubation time for six different cell lines tested. A very good correlation between PPR and glucose consumption data was observed ([Figure 2D](#fig2){ref-type="fig"}), further corroborating the utility of PPR as a potential marker of glycolysis. The ratio of PPR values to the rates of glucose consumption is not constant across different cell lines indicating different pathways/profiles of glucose utilisation in different pancreatic cancer cells tested in this study. Similarly, despite five-fold differences in the PPR values between MiaPaCa-2 and Capan-2 cells, the intracellular level of ATP is not very different in both cell lines ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}), indicating the different profiles of ATP synthesis and/or different rates of ATP utilisation.

Effect of inhibition of glycolysis on intracellular ATP level and cell proliferation in pancreatic cancer cells of different basal glycolytic status
----------------------------------------------------------------------------------------------------------------------------------------------------

We investigated in detail the relationship between the basal rates of glycolysis and the extent of depletion of intracellular ATP in the pancreatic cancer cells in response to 2-DG treatment. [Figure 3A](#fig3){ref-type="fig"} shows a close correlation between the basal rate of proton production (also extracellular acidification) and intracellular ATP depletion by 2-DG. Similarly, there was a very good correlation between intracellular ATP loss treated with 2-DG and the basal glucose consumption rates ([Supplementary Figure 3A](#sup1){ref-type="supplementary-material"}). A good correlation between basal glycolytic status, as measured by PPR or rates of glucose consumption, and the extent of inhibition of colony-forming ability in these cells was also observed ([Figure 3B](#fig3){ref-type="fig"} and [Supplementary Figure 3B](#sup1){ref-type="supplementary-material"}). These results suggest that monitoring changes in bioenergetics in pancreatic cancer cells may help select appropriate metabolism-based drug therapy for inhibiting pancreatic cancer cell proliferation.

To determine whether the effects observed in response to 2-DG are due to differences in the glycolytic inhibitory effects in the six pancreatic cancer cells, we continuously monitored (for 6 h) the effect of 2-DG on the proton production and glucose consumption rates. Results show that 2-DG dose-dependently decreased ECAR values and glucose consumption to the same extent in different cells ([Figure 4A and B](#fig4){ref-type="fig"}). Thus, the observed differences in sensitivity to inhibition of glycolysis, as determined by monitoring intracellular ATP levels and colony formation in these cells, are not due to the differential effects of 2-DG on glycolytic pathway. Therefore, we also investigated the effect of 2-DG on glutamine uptake under the same conditions ([Figure 5A](#fig5){ref-type="fig"}, bottom). Results indicate that there are no remarkable differences in glutamine consumption in 2-DG-treated pancreatic cells.

Dual targeting of mitochondrial and glycolytic pathways of ATP production in pancreatic cancer cells: the synergistic effect of metformin and 2-DG
--------------------------------------------------------------------------------------------------------------------------------------------------

It has been reported that dual targeting of cancer cells with mitochondrial and glycolytic inhibitors synergistically inhibits tumour cell proliferation ([@bib29]; [@bib31]; [@bib4], [@bib5]). We tested the combined effect of metformin, a relatively safe anti-diabetic drug that has recently been shown to inhibit pancreatic cancer in diabetics, and 2-DG. Metformin is also a weak inhibitor of mitochondrial metabolism ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). [Figure 5A](#fig5){ref-type="fig"}, top panel shows the intracellular ATP levels in all of these cells treated with metformin and 2-DG, alone and in combination, for 24 h. The combination of 2-DG and metformin caused the maximal depletion of ATP levels, even in cell lines resistant to 2-DG or metformin monotherapy. Metformin treatment alone slightly increased glucose consumption in most of the pancreatic cancer cell lines tested ([Figure 5A](#fig5){ref-type="fig"}, middle), attributable to a compensatory response to inhibition of mitochondrial respiration. This response was blocked when metformin was combined with 2-DG. However, it was recently reported that metformin impairs glucose metabolism in Caco-2 cells as a result of binding to hexokinase enzyme responsible for glucose phosphorylation ([@bib39]). We monitored the activity of hexokinase in cell-free system using an enzyme-based assay in a 96-well plate in response to 2-DG or metformin at several concentrations ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). 2-Deoxyglucose competes with glucose for phosphorylation by hexokinase and as shown in [Supplementary Figure 5](#sup1){ref-type="supplementary-material"} top panel, there was a dose-dependent decrease in the rate of hexokinase-dependent phosphorylation of glucose. In contrast, metformin had no effect on hexokinase-mediated phosphorylation of glucose ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}, bottom). In most of the PDAC cells examined, the combined use of 2-DG and metformin synergistically enhanced intracellular ATP depletion. Results show that even in poorly glycolytic pancreatic cells, Capan-1 and 2 ([Figure 5A](#fig5){ref-type="fig"}, top), 2-DG and metformin synergistically enhanced depletion of intracellular ATP. [Supplementary Figure 6](#sup1){ref-type="supplementary-material"} shows the heat maps of ATP depletion in response to 2-DG and metformin treatment of MiaPaCa-2 cells ([Supplementary Figure 6A](#sup1){ref-type="supplementary-material"} after a 6-h treatment and [Supplementary Figure 6C](#sup1){ref-type="supplementary-material"} after a 24-h treatment). Calculation of the CI shows a strong synergy for the combined treatment of 2-DG and metformin (CI\<0.3) in depleting intracellular ATP ([Supplementary Figure 6B and D](#sup1){ref-type="supplementary-material"}). To determine the mitochondrial inhibitory effects of metformin in these cells, we measured OCR in the Seahorse apparatus using cells treated with different concentrations of metformin ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Metformin dose-dependently inhibited OCR in these cells that is attributed to its known inhibitory effect on mitochondrial complex 1 ([@bib52]). However, results indicate that metformin inhibits OCR to the same extent in all pancreatic cancer cells. We then investigated the effects of 2-DG and metformin on glutamine utilisation in the six cell lines ([Figure 5A](#fig5){ref-type="fig"}, bottom). Metformin alone or together with 2-DG inhibited glutamine consumption in each of the six pancreatic cancer cell lines, which we attribute to a decreased glutamine demand due to inhibited cellular metabolism and proliferation. Taken together, dual targeting of mitochondrial and glycolytic bioenergetics with 2-DG and metformin could significantly slow down the metabolism of pancreatic cancer cells, regardless of their glycolytic status (e.g., MiaPaCa-2, highly glycolytic and Capan-2, poorly glycolytic cancer cells).

We measured cell proliferation using the IncuCyte Analyzer. [Figure 5B](#fig5){ref-type="fig"} and [Supplementary Figure 7](#sup1){ref-type="supplementary-material"} show the cell proliferation curves as measured by cell confluence kinetics for MiaPaCa-2 and Capan-2 cells treated with metformin and 2-DG alone and in combination. The actual phase--contrast images recorded are shown in [Supplementary Figure 8](#sup1){ref-type="supplementary-material"}. These results clearly indicate that metformin and 2-DG synergistically mitigate pancreatic cancer cell proliferation. The results obtained for 2-DG alone ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}) reiterate the sensitivity of MiaPaCa-2, but not Capan-2, to glycolytic inhibition.

The inhibition of glycolysis with 2-DG in MiaPaCa-2 cells treated with conventional chemotherapeutic drugs (gemcitabine or doxorubicin) synergistically inhibited cell proliferation ([Supplementary Figure 9A and B](#sup1){ref-type="supplementary-material"}). As shown, 2-DG (0.5 m[M]{.smallcaps}) greatly augmented the inhibitory effect of gemcitabine (10 n[M]{.smallcaps}) or doxorubicin (10 n[M]{.smallcaps}).

We noted an inverse relationship between the reported levels of cyclooxygenase-2 (COX-2) enzyme ([@bib12]) and PPR, a surrogate marker of glycolysis, in various PDACs tested ([Supplementary Figure 10A](#sup1){ref-type="supplementary-material"}). As metformin was shown to inhibit COX-2 ([@bib24]; [@bib25]), we have also tested whether COX-2 inhibitor, celecoxib, would sensitise the Capan-2 cells to 2-DG. As shown in [Supplementary Figure 10B and C](#sup1){ref-type="supplementary-material"}, combination of celecoxib and 2-DG induced synergetic depletion of total intracellular ATP in Capan-2. Similar effects were also observed in MiaPaCa-2 cells (data not shown).

Discussion
==========

In this study, we show for the first time as to how two-dimensional mapping of bioenergetic profiles in multiple pancreatic cancer cell lines of different genetic background can be used to provide new therapeutic insight for inhibiting pancreatic tumour cell proliferation. Highly glycolytic cells (e.g., MiaPaCa-2) are exquisitely sensitive to glycolytic inhibition using 2-DG, whereas the poorly glycolytic cells (e.g., Capan-2) are relatively insensitive to 2-DG treatment. However, dual targeting of mitochondrial and glycolytic bioenergetics, using metformin and 2-DG, is effective in inhibiting proliferation of different pancreatic cancer cell phenotypes. The present results suggest that the efficacy of metformin monotherapy or anti-glycolytic monotherapy can be synergistically enhanced when used together.

Tumour cells adapt to various microenvironments and energy-related challenges by switching between glycolysis, glutaminolysis, and mitochondrial metabolism ([@bib9]; [@bib17]). The metabolic reprogramming provides the cellular energy required for increased cancer growth and proliferation ([@bib23]). Oncogenes actively reprogram tumour cell metabolism. Cellular signalling and metabolism in tumour cells are interconnected ([@bib23]; [@bib38]). Many core oncologic signal pathways (K-Ras, cMYC, p53, and LLKB1) affect cell proliferation and cell metabolism in pancreatic carcinogenesis ([@bib28]). Increased aerobic glycolysis and glutaminolysis are characteristic phenotypic traits in tumours ([@bib27]; [@bib42]). Recent studies have shown a link between glutamine metabolism and K-Ras pathways in pancreatic cancer cell maintenance and growth ([@bib50]). Under conditions of hypoxia or energy stress, such as enhanced glycolysis and/or inhibition of mitochondria, glutamine provides an alternate viable amino-acid source.

Targeting the mitochondrial bioenergetics and the glycolysis pathway in tumour cells has been an attractive chemotherapeutic strategy for many years ([@bib36]). This strategy was shown to be effective even in slow-growing hypoxic tumour cells normally resistant to conventional chemotherapeutic agents. Early on, it was reported that rhodamine-123, a lipophilic cationic fluorescent dye, selectively accumulated into tumour cells, inhibiting mitochondrial respiration ([@bib3]). Tumour cells became hypersensitised to inhibitors of glycolysis such as 2-DG ([@bib29]). 2-Deoxyglucose inhibits glycolysis by being phosphorylated by hexokinase and converted to a non-metabolisable, 2-deoxyglucose-6-phosphate ([@bib37]; [@bib15]). Previously, we reported that combining mitochondria-targeted cationic agents (Mito-CP, Mito-chromanol, and Mito-Q) with 2-DG is a better strategy to selectively inhibit breast cancer cell proliferation ([@bib4], [@bib5]). Combined administration of Mito-CP and 2-DG also caused tumour regression in a breast cancer xenograft model ([@bib4]). In this work, the combined treatment with metformin and 2-DG caused nearly 60% ATP depletion and almost complete inhibition of cell proliferation even in Capan-2 cells, which are the most resistant to 2-DG. On the basis of the published data on the selective anticancer effects of combination of mitochondria-targeted agents with 2-DG ([@bib4], [@bib5]), we expect that combination of metformin with 2-DG should also selectively target cancer cells, which is supported by recent reports ([@bib2]; [@bib6]). Although the present data were obtained from *in vitro* cell culture experiments (without taking into account the tumour microenvironment), we envision that the proposed strategy should be translatable to *in vivo* pancreatic cancer xenografts. In fact, the combination of metformin and 2-DG was recently shown to be effective in *in vivo* models, such as prostate and breast cancer xenografts ([@bib2]; [@bib6]).

Metformin exists as a weak hydrophilic cation at physiological pH and targets mitochondria, although not very efficiently ([@bib52]). It is not clear how metformin is transported into cancer cells. In hepatocytes, metformin uptake is facilitated by an organic cation transporter 1 ([@bib48]; [@bib41]). Thus, the concentration of metformin required to inhibit complex 1 in the mitochondrial electron transport chain is much higher compared with the strongly cationic agents conjugated to the triphenylphosphonium cation ([@bib4]). Nevertheless, it is likely that the metformin-treated cells became hypersensitised to glycolytic inhibition by 2-DG. Metformin has been shown to synergise with 2-DG in various cancer cell lines, but pancreatic cancer cells were not tested ([@bib2]; [@bib6]). In the present work, we show that metformin/2-DG combined therapy was also effective in pancreatic cancer cells that are resistant to anti-glycolytic monotherapy. Recently, it has been postulated that slowing down glycolysis via inhibition of hexokinase activity may contribute to the anti-proliferative effects of metformin ([@bib39]). We did not, however, observe a similar phenomenon in any of the pancreatic cancer cell lines tested, in agreement with the reported data for prostate cancer cells ([@bib2]). There is a renewed interest in more potent metformin analogues (e.g., phenformin) in pancreatic cancer treatment, despite the fact that this drug was withdrawn from the market for treatment of diabetes due to excess lactic acidosis. More recent data suggest that metformin treatment increased the dependency of prostate cancer cells on reductive glutamine metabolism ([@bib16]). Prostate cancer cells are dependent on fatty-acid oxidative metabolism for ATP synthesis. Glutamine metabolism contributes to *de novo* lipid synthesis through reductive carboxylation ([@bib33]). It was suggested that metformin combined with inhibitors of glutamine metabolism might be synergistically beneficial in prostate cancer treatment ([@bib16]). However, metformin treatment diminished pancreatic cancer cell proliferation and as a consequence 'slowed down\' glutamine utilisation. Thus, it is conceivable that metformin-mediated changes in bioenergetics are dependent on the cancer cell type and their intrinsic metabolic requirements.

In the tumour microenvironment, glucose levels are considerably lower due to increased consumption through glycolysis. Under conditions that are unique to tumour microenvironments, metformin\'s *in vivo* anti-tumour efficacy or metformin-induced chemical synthetic lethality ([@bib32]) can be significantly higher. Targeting glycolysis and related cellular energy pathways, alone and in combination, may provide an effective and viable therapeutic option in pancreatic cancer treatment ([@bib37]; [@bib15]).

Although the differences in glycolytic state and response to drug treatment may be related to differentiated expression of Glut transporter ([@bib30]), we sought alternate explanations for this effect. During the process, we discovered a correlation between the glycolytic rates and the reported relative protein expression levels (reported in [@bib12]) of the COX-2 enzyme in the PDACs tested in this study. As shown in [Supplementary Figure 10A](#sup1){ref-type="supplementary-material"}, there is an inverse relationship between COX-2 protein expression and the basal PPR (glycolytic marker) levels. This study also showed that the COX-2 protein expression corresponds to the function of COX-2 in these cells ([@bib12]).The COX-2 enzyme, typically overexpressed in pancreatic cancer ([@bib45]), has been causally linked to resistance to chemotherapeutic drugs. Thus, specific inhibitors of COX-2, celecoxib, for example, may potentiate the growth inhibition of 2-DG. Metformin has also been shown to suppress the expression and activity of COX-2 ([@bib25]). We reasoned that this mechanism (COX-2 inhibition) is likely, at least partially, responsible for the growth inhibitory effect of 2-DG in Capan-2 cells. In support of this hypothesis, we observed that the combined treatment of celecoxib and 2-DG synergistically enhanced the depletion of cellular ATP ([Supplementary Figure 10B](#sup1){ref-type="supplementary-material"}). Although the exact mechanism for the synergistic ATP-depleting effect of celecoxib and 2-DG ([Supplementary Figure 10C](#sup1){ref-type="supplementary-material"}) remains to be determined, this is a new and intriguing finding with potential clinical and translational significance based on bioenergetic mapping.

Although the exact mechanism for the synergistic effects of 2-DG and gemcitabine, doxorubicin and celecoxib remains to be determined, these findings open up a new therapeutic strategy that combines glycolytic inhibitors with standard-of-care drugs in pancreatic cancer treatment.

In summary, we have shown in this study that 2-DG is very effective in depleting intracellular ATP and inhibiting proliferation in highly glycolytic cells but not in poorly glycolytic cells. However, metformin, a weak inhibitor of mitochondrial metabolism, and 2-DG are able to synergistically enhance ATP depletion and inhibit proliferation in pancreatic cancer cells, including the 2-DG-resistant cell lines. Bioenergetic mapping of pancreatic cancer cells using the Seahorse Analyzer may provide new insight into how targeted blockades of glycolytic, glutaminolytic, and mitochondrial metabolism pathways can be effectively used in cancer treatment. We hope that the bioenergetic profiling approach will enable the selection and use of metabolic inhibitors in combination with the standard-of-care drugs in pancreatic cancer treatment.
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![**Susceptibility of pancreatic cancer cells to 2-DG.** (**A**) Six pancreatic cancer cells were treated with 2-DG (0.1--50 m[M]{.smallcaps}) for 6 h and intracellular ATP levels were measured using a luciferase-based assay. Data are shown as a percentage of control (non-treated) cells after normalisation to total cellular protein in each well. (**B**) A three-dimensional representation showing the concentration and time-dependent effects of 2-DG on intracellular ATP levels in MiaPaCa-2 cells (left) and in Capan-2 cells (right). (**C**) The effect of 2-DG on colony formation in pancreatic cancer cells treated with 2-DG (1 m[M]{.smallcaps}). (**D**) The survival fractions of six pancreatic cancer cell lines after treatment with 2-DG. ND=colonies not detected.](bjc2014272f1){#fig1}

![**Profiling of bioenergetics of pancreatic cancer cells.** (**A**) Oxygen consumption (ΔO~2~) and proton production (ΔH^+^) traces in six pancreatic cancer cell lines as monitored with a Seahorse XF96 Analyzer, as described in Materials and Methods section. The changes in O~2~ and H^+^ concentrations were normalised to 1 *μ*g of cellular protein. (**B**) Two-dimensional map of oxygen consumption rate (OCR) and proton production rate (PPR) measured in six pancreatic cancer cell lines. (**C**) Changes in glucose concentration in media incubated with six pancreatic cancer cell lines. (**D**) Relationship between the basal PPR values and glucose consumption rates. The glucose consumption rate (0--12 h, calculated from (**C**) is plotted against the basal PPR value of each cell line. Values are mean±s.d. (*n*=4--6).](bjc2014272f2){#fig2}

![**Relationship between ATP depletion, inhibition of colony formation and basal PPR values of pancreatic cancer cells in response to 2-DG treatment.** (**A**) Pancreatic cancer cells were treated with 2-DG (3 m[M]{.smallcaps}) for 24 h and the extent of ATP depletion was plotted against the PPR values. Negative value for Capan-2 corresponds to a small increase in ATP level after treatment with 2-DG. (**B**) Graph showing the relationship between the extent of inhibition of colony formation by 2-DG (1 m[M]{.smallcaps}) and determined basal PPR values for each cell line.](bjc2014272f3){#fig3}

![**Real-time monitoring of changes in ECAR and glucose consumption in pancreatic cancer cells treated with 2-DG.** (**A**) Pancreatic cancer cells were treated with different concentrations of 2-DG and the ECAR values measured with a Seahorse XF96 Flux Analyzer. The arrows indicate the time point of 2-DG injection. The ECAR value recorded immediately before injection of 2-DG is 100%. (**B**) The kinetics of glucose consumption by pancreatic cells at different concentrations of 2-DG. The glucose levels in the media were measured in response to 2-DG treatment under conditions similar to those of (**A**) and presented as the amount consumed in relation to the initial level in the medium.](bjc2014272f4){#fig4}

![**Synergistic depletion of ATP and inhibition of cell proliferation by 2-DG and metformin.** (**A**) Pancreatic cancer cells were treated with 2-DG (3 m[M]{.smallcaps}) or metformin (10 m[M]{.smallcaps}) independently and together for 24 h and intracellular ATP levels (top), glucose consumption (middle), and glutamine consumption (bottom) were determined, normalised to total cellular protein amount and expressed as percentage of untreated cells. Data shown represent the mean±s.d. \**P*\<0.05, (*n*=4) *vs* control in each cell line. (**B**) Effects of 2-DG and metformin alone and together, on cell proliferation. MiaPaCa-2 and Capan-2 cells were treated with 2-DG (0.5 m[M]{.smallcaps} in MiaPaCa-2, 1 m[M]{.smallcaps} in Capan-2 cells) or metformin (1 m[M]{.smallcaps}) alone and together. Cell proliferation was monitored in real time with the continuous presence of indicated treatments until the end of each experiment. The changes in cell confluence are used as a surrogate marker of cell proliferation. Data shown are the mean±s.d. (*n*=6).](bjc2014272f5){#fig5}
